of the current density near the plasma edge is shown to decrease the shear in the safety-factor, q, profile and lead to destabilisation of the kink mode. The role of the plasma geometry and equilibrium profiles is discussed.
I. Introduction
Tokamak plasmas entering the high confinement mode, H-mode, of operation 1-6 experience a sudden decrease in the D_ emission and a sharp rise in the electron temperature and/or density, (T_/ne), near the plasma edge. Subsequently, the plasma may exhibit edge localized activity, dubbed as Edge ' Localized Modes (ELMs), which limit any further increases in T_ or n_. The principal features of ELMs are, a burst of MHD activity associated with an increase in the D,, emission, increased edge recycling and additional loss of particles and energy. These losses can sometimes extend to the core of the plasma. Since the ELMs are associated with a degradation of the plasma, it would be useful to understand the underlyiing physics, in order to devise methods to avoid them. Previous studies have focussed on different MHD instabilities as the probable cause. Gohill et. al. 7 have suggested that some giant ELMs in DIII-D may be due to ballooning modes, while Ohyabu et. al. s have speculated on the role of microtearing modes. More recen'Ay, Kaye et. al.9 have identified the observed MHD precursor on PBX-M as being an ideal pressure driven kink mode. This, in association with the observation of von Goeler et. al.10 and Toi et. al." _ that they observe a helical mode with m/n = 3/1 or 4/1, where m aud n are the poloidal and toroidal mode numbers respectively, suggests that the external kink mode is indeed a strong _'0 candidate for the MHD activity associated with ELMs.
For the kink mode to serve as a model for ELMs, it is necessary to show that the instability depends on the details of the plasma profiles near the edge in such a manner that it ca.n account for the observed phenomonology.
The external kink mode is generally considered to be a current driven mode, often dominated by a single helicity such that m/n > qedge,where m and n are the poloidal and toroidal mode numbers respectively. The shear in the safety-factor, q, profile is a stabilizing factor and finite edge-current is destabilizing. The instability is also sensitive to the location of the closest rational surface to the plasma in the vacuum region. In particular when the rational surface is very close to the plasma, e.g., q,dg¢ "_ 2.95, the resulting instability is strongly localised near the plasma edge and is termed a peeling mode 12 . As qedgeis reduced the instability has a greater radial distribution, and the growth-rate decreases until qedge crosses the next iational value, when the peeling mode reappears. This simple characterization of the instability is strongly influenced by details of the tokamak geometry and plasma profiles. For instance, if the aspectratio is reduced and the plasma cross-section is strongly non-circular, then there is stronger poloidal coupling and several harmonics may be present. The plasma pressure profile and the proximity to a _ limit can also strongly influence the mode. In this case it may be more appropriate to refer to it as a pressure driven kink mode. If q,,_i, < 1, there is the additional possibility of coupling the dominant external harmonic to an internal harmonic such as the m = i, in which case the instability would have a much stronger effect on the plasma.
In this paper we will show the dependence of the kink mode on the plasma parameters, with special emphasis on the details of the current profile near the plasma edge. We will then make the case for this instability to be the underlying cause of ELMs.
The outline of this paper is as follows; we present the theoretical model for the plasma profiles which will allow us to control all the principal features of the q or current profiles. Then we discuss the results obtained in a simple geometry, (large aspect-ratio, circular) at zero ft. The emphasis here will be to elucidate the relationship between the current profile and the q-profile on the one hand with the stability to the external kink mode. This is followed ¢_ by a brief consideration of the role of finite aspect ratio and non-circular cross-sections. Finally we consider the effect of finite _ on the kink mode.
In the final section we present a discussion of the results in the context of ELMs.
II. Theoretical model
The main emphasis of this work is to show the relationship between equilibrium plasma parameters and the stability to external kink modes. In order to emphasize the role of the current profile, we start with a simple geometry; circular cross-section and large aspect-ratio, R/a = 10. The pressure is set to be zero, so that any observed instability will be purely current driven. The aim is to obtain equilibria with specific edge current properties and then study their low-n ideal MHD stability using the PEST code. 13 In order to , get the maximum control over the current profile, it is useful to introduce a multi-_arameter formula for defining the toroidal stream function g, which Q 3 appears in the Grad-Shafranov equation:
where Ro is a normalizing scale length chosen such that the toroidal field is given by, Be = BoRogV¢. The function g is defined through the expression:
where GBETA, GBETA2, GBETA3, GBETA4, gpO and gpl are input quantities and gp is adjusted within the code to set the total current and hence the qedge. The variable ¢ is a normalized flux label which has the value, 0 < ¢ < 1 , when measured from the magnetic axis to the plasma edge. In general gpO and GBETA are adjusted to set qa_., and the other parameters are used to tailor the current near the plasma edge. Figure 1 shows an example of the ability to tailor the current profile. The ¢= three sets of curves in Figure la show the surface averaged current, < J. B >, t 1' and l b the corresponding q-profiles for three sets of input data. The input has been adjusted so that the three equilibria have differerent values of ' qedge but have approximately the same values of qaxis(_ 1.05), qedge (-----2.95) and Jedge/Jaxi, (,._ 0.06) . This ability to tailor the currrent profile can be used to selectively vary any one of the current parameters, while holding the others approximately constant. With this procedure we hope to identify the role of each of the principal current profile features in determining the kink mode stability properties.
As indicated earlier the PEST code is used to analyse these equilibria to determine their stability to the external kink mode, with n = 1 and boundary conditions corresponding to a wall at infinity. When a current-driven external kink instability is found, it is generally characterized by a displacement which peaks near the plasma edge. A fourier decomposition of the radial component of the displacement vector reveals that it is often dominated by a single 0 poloidal harmonic whose mode number m is determined by qedge,such that m is the first integer greater that qedge. Thus, for the equilibria of figure figure 2 ; 2a shows the fourier decomposition of the radial component of _= the displacement vector, _, while 2b shows the projection of the vector onto the x -z plane at an arbitrary toroidal angle. The particular form of the instability is dependent on several parameters, notably, qedg¢,geometry (ie. non-circularity and aspect-ratio), as well as the plasma pressure. In general when qedg¢is close to an integer, as in the preceeding example ( 2.95 ), the instability will have a structure typical of the peeling mode a mode confined to the plama edge. As q_-dg¢ is reduced the mode growth-rate generally increases and its structure extends deeper within the plasma. An example of this is shown in Figure 3 . As before 3a shows the radial structure ¢= of the fourier compnents and 3b the projection of the displacement vector. The latter clearly indicates the increased radial penetration of the instability. The instability shown in figures 2 and 3, were observed in a tokamkak with a ¢= large aspect-ra,tio ( = 10), and a circular cross-section. The principal effect of changing these the geometric parameters is to modify the coupling to satellite fourier harmonics, which generally increases as the aspect-ratio is decreased or the plasma non-circularity is increased. This effect is enhanced as the * plasma pressure increases. The role of plasma-pressure in modulating the kink instability is more v complicated.
Depending on the exact details of the pressure profile, the instability may couple strongly to the inside, especially if the plasma is close to the high-n ballooning limit. An example of such a pressure driven kink is shown in Figure 4 for an equilibrium near marginal stability with fl = _= 0.4%(/_/(I/aB) = 2.2). Note that the external m = 3 harmonic is strongly coupled to the internal m = 2 harmonic, and other harmonics play a. lesser role.
In this situation it becomes difficult to distinguish between pressure-and current-driven kink modes. A common practice is to place a conducting shell :
at the plasma edge, and any instability that remains is considered pressure driven, while instabilites which require free boundary conditions are considered to be external kink modes. There are however grey areas wkere these distinctions are hard to resolve and other considerations will have to be invoked. We start by first considering the simplest scenario, where qaxisand qedge are held constant, and the detailed structure of the current profile near the _ edge is varied. This variation will include keeping the edge current, Jedg_/J_,,,is __ fixed and varying the shear in the q-profile. We will then fix Jedg,/J,,ras at a different value and repeat the exercise. In both cases the aim will be to determine the critical q_ which stabilizes the kink mode. The results are shown in figure 5 , which plots the square of the growth-rate, (w2), for the _= kink mode against q_, for three different values of J_dg¢/J_,,ds= 0.0, 0.038 and 0.055. In each case we observe that as qt increases w2 decreases and stability is reached when ql exceeds a critical value. We compare this critical value q_¢ for theseand other values of J¢dge/Ja,a_ in figure 6. We note that even with ¢= J_dg_/J.,,,i_ -.010, which represents a parallel current at the edge which is 10% of the current at the plasma center, a modest increase of ql can stabilize the kink mode. Conversely, we note that if q_< 4.9 that no modification of Jeag_/J.,,d, can stabilize the mode. * As noted earlier, there are several parameters which affect the kink stability properties. We now address another of them, ie. qedge. To facilitate the discussion we introduce the quantity, Aq ---qintegerqedge, such that 0 _< Aq <_ 1. When Aq is small and finite the rational surface lies in the vacuum close to the plasma. As Aq increases the rational surface moves further away from the plasma edge. In this section we shall keep J, ag, fixed and equal to zero, recognizing that these results can be extrapolated to nonzero J_age using the previous results where q_ag_ was kept fixed. As before we fix q_as _ 1.05 and vary q_ag¢,and at each value of qeag_we modify q_ to determine the marginal value, q_¢.The results are shown in figure 6 in the ¢= range 2 _< q <_ 4.Two important features are worth noting here; a) as q,dg_ is decreased and Aq increases, the value of q_¢decreases and b) there is a stable gap for qeag, slightly greater than an integer, Aq << 1. This latter result is well known, but the first conclusion is new. A secondary feature of these results is that at higher values of q,dg, , the required shear to stabilize the kink mode increases. Care must be taken in interpreting this result. On face value this would seem to suggest that the higher q_age cases are more unstable. In fact the higher the q,.dg¢the easier it is to get a larger q_, as a i simple examination of the q-profile would reveal. ,
Recognizing that q_ is a difficult quantity to assess from an experiment, we examine the plasma profiles to find an equivalent quantity. This is found to be the current in the outer regions of the plasma , defined as the current beyond a particular flux surface specified as a fraction of the total current,eg.I (90) ---1 -/(within the 90% flux surface)/I(Tota!). Figure 8 shows the relationship between q_ and I(90) as a scatter plot. Several differ-¢= ent plasma conditions are included in this plot, le. different qed_e, Jedge etc. We observe an inverse linear corelation between the two quantities. This provides us with the confidence to replot the stability diagram of figure 7, in figure 9, which shows the threshold I(90) above which instability sets in as ¢= qed_, is varied. Here we start to see a possible connection between the kink mode and ELMs in a H-mode regime plasma. A plasma in the H-mode is known to have a temperature pedestal near the plasma edge, this in turn is expected to cause a pedestal in the plasma current, The finite current there would effectively increase I(90) resulting in a lowered shear, q_, which can then destabilize the external kink mode. It should be noted here that the implied stability thresholds in terms of q ' and I(90) are particular for the specific model profiles assumed. The qualitative nature of these results will carry over to other plasma geometries and profiles, however the exact quan-, titative thresholds will have to be determined anew for the specific geometry and profiles of interest.
B.
Geometric efects, zero/3
We now discuss the consequences of changing the geometry. As before we set _ = 0, qaxis_ 1.05 and qedge= 2.95 and consider the following geometries: i) Circular with R/a -" 3.333, ii) Elliptic with R/a = 3.J33, and _ = 1.5 and no triangularity, and iii) Dee-shape with R/a = 3.333, and _ = 1.5 and triang|:flarity, 6 = 0.5. The numerical values of q' and I(90) are given in Table I , where we also consider a case with qedge= 3.62 and having the Dee shape specified above. For comparison we also include the base case with R/a = 10 and circular cross-section.
The table shows that the q_ required to stabilise the mode iucre_ _ as t the aspect ratio decreases or the non-cicularity increases. At first glance this seems to imply that the circular case is more stable than the Dee shaped Dee _ = 1.5 $ = 0.5 8.20 .041
-. Table 1 " Stability thresholds for different geometries at/3 = 0 --one. This conclusion is misleading as there is a strong connection bet_veen the plasma shape andIt is more relevant to look at the I(90) at which the instability occurs. We find that increasing the non-circularity increases the threshold I(90) at which the kink mode is first observed. This is consistent with the generally accepted view that Dee shaped plasmas are more stable than circular plasmas.
C.
Finite/3
The study of the current driven external kink mode at finite/3 is complicated by several factors. The principal difficulty lies in seperating the roles 0 of the current and pressure profiles, which are interconnected. One common technique is to switch to the study of flux-conserving equilibria where the q Q and p profiles are specified independently as opposed to specifying g and p.
The problem with this approach is that as/3 is increased the current profile rapidly distorts and it is impossible to control the details of the profle as was done in the zero/3 case. The alternative i_ to stick with the p, g method for specifying the plasma profiles. This method is more difficult since it requires a constant adjustment of the g-profile as /3 is increased to keep the global parameters, q_i_ and qedge approximately constsnt, In any case, care must be taken to avoid pressure driven instabilities, such as the ballooning mode. Furthermore, to emphasize the role of the pressure, it would be desirable to choose the profiles so that the/3 threshold is fairly high. This requires profiles with sufficient shear to make the zero _ case stable.
We return lo the large aspect ratio, R/a = 10, circular cross-section equilibrium model. The profiles aic adjusted so that qedg_"_ 2.9 and q_xis 1.05. The pressure profile is chosen to be fairly broad and is given by, t
This functional form permits us to selectively increase the pressure gradient, p', near the edge by raising pl. Initially pl is set to zero and the _-limit is determined by varying po and determining the stability . Each time po is varied, the coefficients of the g-functio n are adjusted to obtain the desired q,_, and qedge. As observed in figure 10 . the fl lim'_t is(_ = 1.85I/(aB) _= for this sequence. Note that the Trcyon limit fc,r this case would be _ = 3.5I/(aB) and would be reached if the pressure profile had been optimized. We then choose a case with a lower ft ) for the base case. This is well below the stability threshold for tile pressure driven mode in this equilibrium, so that a current-driven instability can be observed. We now increase pi slowly and determine the stability of this sequence. The choice of the pressure profile function is such that increasing pl has a minimal effect on fl. In the range of this study, fl rises from 1.270 to 1.274 II(aB). The effect on the stability is however quite pronounced as an external kink mode is destabilized, the eigenfunction is similar to that shown in figure 2. A plot of the growth-rate as a function of pl is shown in Figure 11 . This shows clearly ¢= that the mode is not driven by the pressure but by the current profile. To connect this with the earlier results, we plot the edge-current parameters and q_ versus pl in Figurs 12 and 13 respectively. These figures show that as pl is increased I(90),/; Jedge/J_,_:i8increase and q' decreases. The reduced shear drives an instability similar to that observed in the zero pressure case.
It should be noted here that this study of the role of pressure on the kink mode is not comprehensive. It is only meant to show that the kink mode can be destabilized by a build-up of current density through an enhanced pressure gradient near the plasma edge. The plasma pressure can also contribute to the destabilization in other ways. For example at high/3 the ballooning terms in 6W will have a negative contribution, which can lower the threshold for the instability. When this happens the mode structure is no longer dominated by the high-m component near the plasma edge and has large contributions from other poloidal harmonics inside the plasma, as shown in figure 4. Other possibilities, not shown here, include; a coupling to the internal kink, m/n = 1/1, mode or to the infernal modes. 
IV. Discussion
In this study we have shown that the stability of the external kink mode 0 is determined by a combination of; q,dg,, the shear, ' q,dg,, the current density at the plasma edge,J_dg,/J=,is, the current in the vicinity of the plasma edge, I(90), and the plasma t3. In particular we note that shear is the principal stabilizing mechanism for the external kink mode. We also find that it is dependent on I(90). The shear required to stabilize the mode,, qc, depends on J_dg_/J,,_,_sand Aq. Increasing J, dg_/J=_,_,increases the required shear to stabilize the mode. At j3 = 0 there is a similar corelation between q_cand Aq. At finite j3 the situation is complicated by the possibilty of a synergistic effect where the balloning term in _W helps to lower the threshold for instability. In finite/3 equilibria the unstable mode structure can be similar to the currentdriven peeling mode confined to the plasma edge, or carl have a broader radial extent coupling strongly to other poloidal harmonics which are large in the plasma interior. It is interesting to note that in this case thc mode structure may have an anti-balllooning nature, i.e., have a larger value on the high field side of the major axis, in the region of good curvature.
We propose that the ELMs are a manifestation of external kinks in tokom mak plasmas. When a plasma enters the H-mode its confinement improves and it builds up a finite current density near the edge. When this exceeds a threshold it triggersthe instability. Depending on the plasma conditions, the instability may either be localised near the edge and is observed as grassy-or single-ELMs; or the instability couples into the plasma interior and appears as a giant-ELM . A natural extension of this scenario would suggest that if the plasma is close to its ballooning limit, the instability could also result in a disruption which may or may not terminate the discharge. In most ELMs the instability has the effect of reducing the current density near the plasma edge thereby restoring a stable equilibrium. The cycle then repeats itself, the frequency of repetition would be a function of the plasma transport near the edge, which will determine the rate at which the current density can build up again.
The dependence of the kink mode stability on the current density near the plasma edge admits some other intriguing possibilities. The most obvious is the potential for controlling or mitigating the effect of ELMs by lowering t the current near the edge through negative current drive. The improved t stability to kinks with lower current density may hold the explanation for the improved quality of shots in current ramp-down experiments, where the ramp down has the effect of preferentially shedding current near the plasma edge. In terms of total MHD stability, curreut driven kinks are just one of the factors to be considered. Sawteeth, balloning and resistive modes also ,, play significant roles and it should be recognized that these instabilites are not independent as they are all driven by similar forces, and at high-_ it becomes difficult to seperate them.
Several secondary topics arise which are beyond the scope of this paper, but may be germane to the H-mode regime and the appearance of ELMs. V_e briefly address t_hem, and caution the reader that for the moment these are speculative remarks. The role of plasma resistivity is an important issue. The ideal kink modes have resistive counterparts which may have lower thresholds in terms of temperature and could induce the effects associated with grassy ELMs. They are unlikey to play a role in giant ELMs. Another interesting speculation is that the resistive modes may play a role in determining the plasma confinement. We suggest that during the lower confinement L-mode regime of operation, the lowered edge temperature which implies a more resistive plasma'is subject to high m/n resistive kink and/or tearing modes restricted to the plasma edge which enhance the radial transport there. If t the temperature rises suddenly, possib!y due to the arrival of a sawtooth heat pulse, the resistivity drops and the plasma near the edge behaves as an ideal rather than a resistive plasma. The ideal plasma has good surfaces and improves the confinement causing the H-mode transition. Then the edge . current density buids up until it exceeds the threshold for ELMs and the cycle proceeds, as indicated in this paper. Another interesting topic is the role of wall stabilization. The external kink mode can be stabilized by placing a conducting wall close to the plasma. We believe that such a stabilzation will be most effective for grassy ELMs which we believe are mostly current -driven peeling modes. The larger ELMs have a large contribution from the ballooning term, and would only be delayed by the walls, unless the wall is virtually at the plasma edge and is perfectly conducting. Finally we offer a few remarks on the comparison of this model for ELMs -with experimental observations. If ELMS are caused by kink modes, we i expect that they will have fast growth-rates, comparable to the Alfven time, have a mode structure which peaks at the plasma edge. The poloidal mode content would be mixed in most cases and consequently hard to determine, in contrast the toroidal mode n-!mber should be unity. The observations on PBX-M 9 support this picture and they also offer clues on the difficulty of interpreting the experimental observations. In particular, it was observed that, the ELM precursor was short lived (< 350#s) with a high frequency of 200-250 kHz. The precursor grew with a growth time of 10 #s. These are all features consistent with the kink model for ELMs. They also highlight the difficulty of identifying the MHD activity, which is of brief dural:ion and occurs at a frequency which is high and close to the Nyquist frequcncy of the instruments. At these frequencies it is difficult to establish the poloidal mode number. Another interesting feature of the observation was that the amplitude was larger on the high field side, a contra-indicator of ballooning modes. We note however that pressure driven kink modes, figure 4, have such a structure. In light of these observations we believe that kink modes are a credible cause of ELMs in tokamaks.
In this paper we have examined the connection between certain aspects o_"the plasma profiles near the edge and stability to the external kink mode. Specifically we find that the current density near the plasma edge plays a e crucial in determining the stability. Enhanced current density weakens the shear and leads to destabilization of the kink mode. We propose this as the model for ELMs in H-mode plasmas.
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Figures Figure 1 .
In a zero-_ circular, Ria = 10, tokamak plasma, the current profile,(figure la), is adjusted to maintain fixed qa_:is"" 1.05, qcdg_= 2.95 and J_dg_/J,,=is = 0.058 for three cases (a), (b) and (c). The corresponding three q profiles are shown in figure lb. An example of an extended type of external kink mode in a zero-fl circular, R/a = 10, tokamak plasma with q_xis "_ 1.05, qcag, = 2.27. Figure  3a shows the radial dependence of the poloidal fourier harmonics of the instability and figure 3b shows a projection of the displacement vector onto the x-z plane. Note the deeper penetration of the instability when compared with figure 2. An example of a pressure driven external kink modein a _ = 3.4I/(aB), circular, Ria = 10, tokamak plasma with q_,,i_ " 1.05, q,dg_ = 2.95. Figure 4a shows the radial dependence of the poloidal fourier harmonics of the instability and figure 4b shows a projection of the displacement vector onto the x -z plane. Note the larger amplitude on the inboard side. At fixed q_i_ "_ 1.05, q¢dg_= 2.95, and zero-/_. The critical shear ret quired to stabilize the external kink mode increases as the edge current density rises.
13 Figure 7 . The shear required to stabilize the kink mode at zero-/3 , qcrit, increases as Aq decreases. At finite/3 the pressure distribution will modify this w dependence. Figure 8 .
The current concentrated within the last 10% of the plasma is a good measure of the shear, qt. The scatter is due to the mix of edge current conditions. If all other quantities, e.g.,qa,_s, q_dg,, J, dg,/J_,is and /3 are held fixed a simple linear relationship is observed. Figure 9 . The threshold edge current to drive the zero-fl kink mode depends q,ag,. Instability occurs when 1(90) exceeds the indicated value for different values of qedge.At finite/3 these curves will also depend on the pressure distibution. Figure 10 .
Choice of a base case to study local current density effects at finite/3. To avoid the usual pressure driven instability, we select a case with a/3 4 approximately 30% below the threshold in terms of the Troyon factor ,g -ft(X/aB), w Figure 11 . Destabilization of a peeling type of kink mode by raising the pressure gradient, pl near the plasma edge. 
